The chemical characteristics of the refractory organic matter in anaerobic and aerobic digestates are hardly known although they are significant for further improving the degradation of organic matter during sludge digestion. Thus, in this study, various techniques are used to analyze the molecular properties of the total organic matter in raw sludge and mesophilic anaerobic and aerobic digestates (AnD and AoD, respectively).
Introduction
Anaerobic and aerobic digestion are common processes for the stabilization of sewage sludge, 1 which can ensure the stability of sewage sludge and decrease its corresponding volume. Unfortunately, anaerobic or aerobic digestion oen results in a low degradation rate of organic matter (oen less than 50%) for the sewage sludge treatment. [2] [3] [4] [5] This indicates that more than 50% of organic matter cannot be biologically degraded during anaerobic or aerobic digestion, thus causing limited sludge reduction. To date, the chemical characteristics of refractory organic matter are hardly known, and they need to be investigated because they can supply important information for further enhancing the degradation rate of organic matter during sludge digestion. Kumar 6 suggested that organic matter in raw sewage sludge can be classied as four fractions: (I) a fraction that can be only degraded under aerobic conditions, (II) a fraction that can be only degraded under anaerobic conditions, (III) a fraction that can be degraded under both anaerobic and aerobic conditions, and (IV) a non-degradation fraction. 7 However, information about the relative percentage and chemical composition of these organic fractions in sewage sludge is lacking. Aer anaerobic digestion, the residual organic matter in sewage sludge (anaerobic digestate, AnD) consists of organic fractions I and IV, and the organic fractions II and IV remain in sewage sludge aer aerobic digestion (aerobic digestate, AoD). Therefore, it is feasible to resolve the characteristics of these organic fractions in sewage sludge by comparing the organic matter compositions in anaerobic and aerobic digestates.
Some studies have reported that the degradation of sludge organic matter during anaerobic and aerobic digestion is different due to different conditions 1, 8 such as different functional microbes. 9 Shao et al. 1 showed that the solubility of protein and the humication index of dissolved organic matter (DOM) in aerobic digestion are greater than that in anaerobic digestion for sewage sludge stabilization. Du and Li 10 reported that anaerobic digestion results in faster hydrolysis and slower degradation, thus causing more DOM compared with aerobic digestion. Tomei et al. 11 reported that dissolved polysaccharides and proteins considerably decrease under aerobic digestion but present clear enrichment under anaerobic digestion. Novak et al. 12 showed that aerobic digestion leads to lower contents of dissolved protein and polysaccharides than anaerobic digestion. Li et al. 13 observed that there is a different degradation order in sludge organic matter under anaerobic and aerobic conditions. However, these investigations were mainly based on DOM analysis and not total organic matter. It is well-known that the DOM content is oen less than 5% of the total organic matter; thus, it is difficult to comprehensively reveal the characteristics of different organic fractions in sewage sludge.
FTIR spectroscopy is widely applied to characterize different functional groups of both uorescent and non-uorescent organic materials, 14 whereas X-ray photoelectron spectroscopy (XPS) analysis is commonly used to determine the changes in chemical speciation of the main organic matter during sewage sludge treatment. 9, 15 Research has shown that solid-phase uorescence excitation-emission matrix (SPF EEM) spectroscopy is a promising technique to investigate uorescent organic matter such as humic acid and protein in solid samples; [16] [17] [18] [19] compared with the widely-used liquid-phase uorescence spectroscopy on water-extractable organic matter, it is more rapid, comprehensive and accurate because no extraction step is required. 16 In addition, pyrolysis coupled with gas chromatography (GC) and mass spectrometry (MS) is a fast, sensitive and reliable way to determine the molecular composition of complex organic mixtures. 20, 21 Thus, in this study, these techniques are applied to distinguish and quantify the chemical characteristics of the total organic matter in raw sludge, AnD and AoD at the molecular level to profoundly resolve the characteristics of different organic fractions in sewage sludge.
In addition, digestates contain many readily available nutrients such as nitrogen, phosphate and plant hormones, 22 which make them suitable for the fertilization of crops. 23 Muscolo et al. 24 reported that compared with undigested wastes, digestates have a higher content of inorganic nitrogen (ammonium ion) and enhanced microbial stability and hygiene. However, depending on their chemical features, some digestates can have a negative impact on the environment or plant growth, whereas some may inuence soil fertility and plant health positively. 25 Thus, digestates cannot be denitively regarded as positive or negative for soil and agronomic utilization. Therefore, it is also indispensable to characterize each digestate from different digestion systems (anaerobic and aerobic) to determine the proper utilization of sludge digestates.
The objectives of this study are as follows: (1) to study the chemical characteristics of residual organic matter in solid samples of AnD and AoD using various techniques; (2) to analyze the molecular composition of different degradable organic fractions in sewage sludge; and (3) to compare the difference in potential values for land applications between AnD and AoD.
Materials and methods

Substrates and digestion processes
Dewatered sewage sludge samples as substrates were obtained from a wastewater treatment plant in Shenzhen City, China, and then stored at 4 C. The sludge was obtained by collecting primary and excess sludge and dewatering with a high-molecular occulant (polyacrylamide). The characteristics of the wastewater treatment plant are shown in Table  S1 of the ESI. † The total solid (TS) and volatile solid (VS) contents of the sludge were 17.77 AE 0.10% and 63.43 AE 0.07%, respectively. The anaerobic digestion process was performed in a horizontal reactor with an effective volume of 12 L and operated in a batch mode for 20 days according to previous studies.
26,27
Initially, 7.608 kg dewatered sewage sludge and 4.450 kg inoculated sludge were fed into the reactor. The inoculated sludge was obtained from the previous anaerobic reactor in our laboratory, and its characteristics are as follows: pH, 7.85 AE 0.18; total alkalinity, 17.8 AE 0.9 g CaCO 3 /L; TS, 13.07 AE 0.07%; VS/TS, 46.92 AE 0.41%; total Kjeldahl nitrogen (TKN), 8300 AE 121 mg L À1 ; and total ammonia nitrogen 3500 AE 43 mg L À1 . The experiment was conducted in duplicate. The production of biogas in the anaerobic digestion reactor is shown in Fig. S1 in the ESI, † which indicates that the anaerobic reactor performance is normal and representative. The aerobic digestion process was conducted in a reactor with an effective volume of 7.5 L and equipped with verticaltype stirrers with a rate of 20 rpm. Initially, 1.960 kg dewatered sewage sludge was added to the reactor and then, the total solid level was adjusted between 5% and 6% using deionized water according to previously reported methods.
28,29
The aerobic reactor was run in batch mode at 35 AE 1 C for 20 days and aerated continuously at a ow rate of 135 L h À1 through a microporous diffuser to maintain the dissolved oxygen at more than 2 mg L À1 . Evaporation loss was compensated using distilled water every day. 1, 9 The experiment was conducted in duplicate.
Analysis of organic matter content
Raw sludge (RS) was sampled from the dewatered sewage sludge, whereas mesophilic anaerobic and aerobic digestates (AnD and AoD) were collected at the end of the experiment. The sludge samples were freeze-dried, sieved through a 0.149 mm sieve, and then applied for the following analysis. The VS content was estimated by heating the samples at 600 C for 1 h in a muffle furnace. The ultimate analysis was conducted using a Vario EL III element analyzer (Elementar, Germany). Dissolved chemical oxygen demand (DCOD), protein, carbohydrate and total phosphorus (DTP) contents, and ammonia nitrogen (NH 4 -N) content were determined using the ltrate of the samples according to ref. 30 . The ltrate was obtained according to ref. 13 . The dissolved protein content was measured using the Lowry-Folin method, 31 whereas the dissolved carbohydrate content was determined via the phenolsulfuric method.
Analysis of organic matter characteristics
FTIR spectra of the sludge samples were measured with pellets gained according to ref. 26 using a Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientic Co., USA). The OMNIC 8.2.0.387 and Surfer 11.0 sowares were applied to analyze the FTIR spectral data. XPS spectra of the samples were obtained on an RBD-upgraded PHI-5000C ESCA photoelectron spectrometer (Perkin Elmer, USA) using Al Ka radiation (hv ¼ 1486.6 eV) as the X-ray source for excitation according to Li et al. 9 The RBD AugerScan 3.
21 soware was applied to analyze the XPS spectral data.
SPF EEM spectra of the sludge samples were determined on an F-7000 uorescence spectrometer (Hitachi High Technologies, Tokyo, Japan) using the solid module and without quartz glass according to ref. 18 . Excitation spectra were measured in the range from 240 to 450 nm, whereas the corresponding emission range was from 290 to 550 nm at a scan speed of 1200 nm min À1 . The variation and slit of both the excitation and emission spectra were 10 nm and 1 nm in the testing process, respectively. The Surfer 8.0 soware was applied for the analysis of the EEM data. The complexity index of the organic matter in the samples was further estimated using the EEM data according to ref.
33-36 with slight modications. As shown in Fig. S2 of the ESI, † the obtained spectra were resolved into three zones (zones I-III).
34 Zone I is related to protein-like materials, zone II is generally due to an inner lter phenomena, and zone III represents the lignocellulose-like and humic acid-like compounds. 34 The complex index is dened as the ratio of the average uorescence intensity of the complex uorescence zones (II and III) to the average uorescence intensity of the protein-like zones (I):
Here, CI is the complexity index, and V I , V II and V III are the raw volumes obtained in zones I, II and III, respectively; S I , S II and S III are the areas of zones I, II and III, respectively. The sludge samples were used for pyrolysis GC/MS analysis according to ref. 20 . Pyrolysis was conducted with a Py2020iD pyrolyser (Frontier Laboratories, Japan) directly connected to a QP2010 GC/MS system (Shimadzu, Japan) equipped with a 30 m HP DB-5MS capillary column (0.25 mm diameter, 0.25 mm lm thickness). The sample weight was about 1 mg, and the pyrolysis temperature was 500 C. The GC-MS conditions were as follows: the oven temperature was 40 C for 3 min and then increased to 300 C at a rate of 15 C min À1 and held for 10 min. Helium (He) was used as the carrier gas with a ow of 30 mL min À1 and split ratio of 20 before being introduced into the gas chromatograph. The pyrolysis products were appraised using the Wiley and NIST computer libraries according to the relative retention times and spectra reported in the literature. The relative percentage, P i , of each pyrolysis product was estimated according to ref. 21 and 37.
Phytotoxicity test
The phytotoxicity test was conducted using plant seeds of wheat (Triticum aestivum) and radish (Raphanus sativus L.) according to ref. 9 . Before the experiment, the seeds were soaked in deionized water for 6-10 h. The inhibition of seed germination was estimated with respect to that of the control according to ref. 38 and 39. 3. Results and discussion
Organic matter contents
The organic matter contents of RS, AnD and AoD are shown in Table S2 in the ESI. † Compared with RS, AnD and AoD have lower VS contents. The VS removal rates of anaerobic and aerobic digestion are 47.14% and 42.07%, respectively, which are higher than the threshold value (40%) stipulated by the Chinese Discharge Standard (GB 18918-2002). The results imply that both anaerobic and aerobic digestions cause the biodegradation of sludge organic matter and exhibit acceptable performances for the stabilization of sewage sludge. However, it is found that about 52% and 58% of the organic matters in the sewage sludge are not degraded and still exist in the anaerobic and aerobic digestates, respectively. To date, information about the molecular characteristics of the refractory organic matters in AnD and AoD is limited. AnD and AoD have lower C, N and H contents and C/N and C/ H ratios and slightly higher S content than RS. The C/N ratio is usually applied to evaluate the maturity and stabilization of the substrate, 5 and the C/H ratio is used to represent the aromatization and condensation of organic matter such as humic substances. 40 The results indicate that the anaerobic and aerobic digestion processes cause biodegradation of labile Cand N-containing (protein-like) and H-(carbohydrate-like) groups and an increase in the maturity and aromatization of organic matter in the sewage sludge. 41 Compared with AnD, AoD has higher VS, C, N and H contents and slightly lower S content and C/N and C/H ratios, indicating that the content of residual organic matter in the anaerobic digestate is lower than that in the aerobic digestate, and its maturity and aromatization also seem to be lower than that of the latter.
Compared with the digestates of anaerobic digestion, the digestates from aerobic digestion have lower pH value as well as lower DCOD, NH 4 -N, dissolved protein, carbohydrate and DTP contents (Fig. 1) , implying that AoD has less dissolved matter than AnD, which is in accordance with the ndings of Du and Li.
10 Meanwhile, AoD exhibits less inhibition on the germination rate and root length of the radish and wheat seeds than raw sludge, followed by AnD (Fig. S2 of the ESI †). This result indicates that compared with raw sludge, AoD has lower phytotoxicity, and AnD has higher phytotoxicity, which conrms the ndings from the analysis of the total organic matter and DOM contents.
The results indicate that AnD has less residual organic matters and higher DOMs than AoD, and the maturity and aromatization of the organic matter also appear to be lower than that of the latter; thus, AnD has higher phytotoxicity than AoD.
FTIR spectra
The 1800-900 cm À1 region in the FTIR spectra contains bands relative to amides, carboxylic acids, aliphatic groups and carbohydrates and thus is mainly analyzed and discussed, 26,42 as shown in Fig. 2 . The main absorption bands in this region and corresponding assignments are further analyzed and identied according to the literature 13, 26, [41] [42] [43] (Table S3 in the ESI †). In general, the main differences in the FTIR spectra among RS, AnD and AoD are outlined as follows: (1) the relative intensity of the absorbance in the 1610-1700 cm À1 region is stronger for RS than for AoD, followed by AnD; (2) the peak in the 1530-1590 cm À1 region is weaker for AnD than for AoD, followed by RS; (3) the absorption peak in the 1370-1420 cm À1 region is more intense for AoD than for AnD, followed by RS; and (4) the peak in the 1000-1170 cm À1 region is stronger for AnD than for RS, followed by AoD. The results show that the anaerobic or aerobic digestates contain lower proportions of amide I and II groups (protein-like groups) and higher percentages of phenolic, COO À (carboxylic acids) and/or C-H (cellulose-like)
groups compared with raw sewage sludge. This implies that the degradation rate of protein-like materials in the sewage sludge is higher than those of phenolic groups, carboxylic acids and/or cellulose-like groups during anaerobic or aerobic digestion, corresponding to the previous ndings.
5,44,45
Compared with AnD, AoD exhibited higher proportions of amide I and II groups (protein-like groups), phenolic groups, carboxylic acids and/or cellulose-like groups and lower proportion of polysaccharide-like substances. This result shows that the aerobic digestate has higher proportions of protein-like and aromatic groups and a lower percentage of polysaccharidelike materials compared with the anaerobic digestate. This indicates that the polysaccharide-like groups in the sewage sludge are more biodegraded via aerobic digestion than via anaerobic digestion, whereas the protein-like groups show the opposite trend.
XPS analysis
XPS analysis was applied to determine the chemical speciation of organic elements in the sludge samples. The representative peaks of the major elements, i.e., C, O and N are shown in Fig. 3 . proportions of polysaccharide-like materials and ammonia nitrogen. These results conrm the results from the FTIR spectra and the previous ndings that there is considerable difference in the degradation characteristics of organic matter during anaerobic and aerobic digestion of sludge.
1,11-13 3.4. SPF EEM spectra SPF EEM spectroscopy was applied to determine the organic matter in the solid samples of RS, AnD and AoD, and the results are shown in Fig. 4 . The samples are characterized by several uorophores with their respective excitation/emission wavelength pairs and specic uorescence intensity (Table 2) . Three peaks (peak 1, 2 and 3) are observed for Ex/Em of 280/334 nm, 320/410 nm and 370/416-418 nm, respectively. According to Chen et al., 33 peak 1 corresponds to microbial by-products (i.e., tryptophan-and protein-like groups), and both peaks 2 and 3 are related to humic-like substances. The specic uorescence intensity of peak 1 is higher for RS than for AoD and AnD, corresponding to the results of VS, C, N and H contents. The results show that the protein-like groups in the sewage sludge are biodegraded during anaerobic or aerobic digestion, which are consistent with the ndings of the FTIR and XPS spectra. Li et al. 26 reported that anaerobic digestion causes an increase in concentration of tyrosine-, protein-and humic-like materials by liquid-phase uores-cence EEM spectroscopy for samples with the same contents of dissolved organic carbon, which seems contrary to this result. They indicated that SPF EMM spectra might display different results as compared to liquid-phase spectra due to their different investigation methods. In general, anaerobic and aerobic digestions can cause decrease in the bulk content of uorescence groups in the sludge, but they seem to lead to an enhancement in the percentage of uorescence materials in DOM.
The complexity index of RS is lower than those of AnD and AoD, which indicates that organic matter of the digestates has a higher degree of complexity. Muller et al. 34 and Maynaud et al. 35 reported that the complexity index is mostly anticorrelated with biodegradability and sludge chemical accessibility. Thus, the results conrm the ndings from the C/N ratio that the organic matter of the digestates has high biological stability. Additionally, compared with AnD, AoD has higher specic uorescence intensities for peaks 1 and 3 and complexity index, indicating that AoD has a higher content of uorescence organic matter, but its uorescence organic matter has lower biodegradability and chemical accessibility than that in AnD, which is in accordance with the results of organic matter contents. 
Pyrolysis GC/MS analysis
The pyrolysis GC/MS technique is commonly used to reveal the organic matter characteristics of soil and compost at the molecular level. 21, 48, 49 Thus, in the present study, it is rst applied to investigate the molecular characteristics of refractory organic matters in anaerobic and aerobic digestates. The total ion chromatograms derived from RS, AnD and AoD are shown in Fig. 5 . The absolute intensities of ion currents from AnD and AoD are lower than that from RS, showing that the contents of pyrolytic products from the anaerobic and aerobic digestates are lower than that from raw sewage sludge. The possible reason is that anaerobic and aerobic digestates have lower organic matter contents (Table S2 of the ESI †) compared with raw sewage sludge due to biodegradation of organic matter during the digestion process. However, absolute intensities of ion current are higher in the AnD pyrogram than in the AoD pyrogram, which is not consistent with the results that VS, C, N and H contents of AnD are lower than that of AoD. The results based on C/N ratio and SPF EEM spectra reveal that the stability of the residual organic matter in AoD is higher than that in AnD. The possible reason is that a lower proportion of organic matter in AoD is cracked into pyrolysis products at the temperature used (500 C) compared with that in AnD due to higher stabilization of the organic matter. The main difference in the pyrograms of RS, AnD and AoD is found at two elution times (1-4 min and 17-19 min). The ion current trace of RS in the range of 1-4 min is similar to that of AnD but different from that of AoD. González-Vila et al. 20 reported that the low-molecular-weight products released at the elution time of 1-4 min are mainly polysaccharide-and proteinderived products. The result implies that RS and AnD have similar compositions of polysaccharides and proteins, which is different from that observed for AoD. Additionally, a distinct peak appears in the pyrogram of RS at the elution time of 17-19 min but disappears in those of AnD and AoD. The possible reason is that some lignin-like groups in the sewage sludge are decomposed during the anaerobic and aerobic digestions.
20
Some specic microorganisms, such as certain strains of bacteria, have an enzyme pool that can degrade lignin and its derivatives.
21
To further investigate the molecular composition of the pyrolysis products derived from RS, AnD and AoD, MS is used to analyze the chemical characteristics of the main peaks in the pyrograms, and the corresponding potential precursors are Table 3 . More than 50 different molecules are identied in the pyrograms of RS, AnD and AoD. The compounds are categorized into the following component classes according to their probable origins: aliphatic and aromatic groups, N-containing compounds, lignin, sulfocompounds and unspecied oxycompounds. Compared with AnD and AoD, RS has higher relative percentages of unspecied oxycompounds and fattyacids products. Alvarez et al.
53
found that oxygenated compounds originate primarily from the pyrolysis of undigested materials in sludge such as cellulose, lignin and fecal matter. Also, Wang et al. 49 reported that chain fatty acids decrease gradually with increasing maturity of composting samples. Thus, the results conrm the above ndings from the organic matter content analysis. In addition, AoD has higher relative percentages of N-containing compounds than AnD. Alvarez et al. 53 suggested that the N-containing compounds are formed by the devolatilization of the protein fraction (proteins and nucleic acids) in the sludge derived from dead microorganisms. Thus, the result conrms the ndings that the aerobic digestate contains a higher proportion of protein-like groups than the anaerobic digestate.
CO 2 is a ubiquitous pyrolysis product and hence, it is of unspecied origin. A higher relative percentage of CO 2 is observed for AnD than that for RS and AoD, which is possibly because anaerobic digestate oen contains high contents of short-chain fatty acids 54 and higher carbonate alkalinity.
27
Hexadecanoic and oleic acids are common microbial constituents. 49 AnD and AoD have lower percentages of hexadecanoic and oleic acids, which indicates that the microbial quantities in the anaerobic and aerobic digestates decrease with the decrease in readily biodegradable organic matters in the sewage sludge. Compared with the observations for RS, the relative proportion of phenolic compounds increases in the pyrograms of AnD and AoD, indicating that the biotic and abiotic oxidation of the lignin derivatives is relatively slower than the biodegradation rate of other sludge components during the digestion process. In addition, acetonitrile is mostly derived from condensed nitrogenous humic structures, 55 and acetic fragments are principally derived from cellulose, lipids, and easily degradable C compounds.
55
Acetonitrile is observed in the pyrogram of AoD, but acetic acid is absent, which imply that resistant N-compounds are present in the residual organic matter in AoD as a consequence of the degradation of the labile substrate, corresponding to the above results that AoD has high bio-stabilization and maturity.
In summary, the results show that the organic matters in the sludge digestates are composed of higher relative percentages of protein-like, lignin-like and aromatic groups but a lower relative percentage of oxycompounds compared with undigested sludge, especially for aerobic digestates.
3.6. The implication of this study Kumar 6 reported that there are four organic fractions in sewage sludge; however, the relative percentage and chemical composition of these fractions in sludge are hardly known. Novak et al. 4 reported that combined anaerobic and aerobic digestion can increase the reduction of VS solids in sewage sludge by 12% compared with conventional mesophilic anaerobic digestion alone. They showed that fraction I is degradable only under aerobic conditions, which is 11.48-12.00% of the organic matter in sewage sludge. Then, the relative percentage of fraction III in organic matter of sewage sludge that is degradable under both anaerobic and aerobic conditions is 30.07-30.59%, according to the removal rate of organic matter in the anaerobic digestion of sewage sludge. Similarly, fractions II and IV account for 16.55-17.07% and 40.34-41.9% of organic matters in sewage sludge, respectively. These results indicate that fractions III and IV are the main organic matters in sewage sludge and thus, both anaerobic and aerobic digestions are feasible for the stabilization of sewage sludge.
The FTIR and XPS spectra show that the polysaccharide-like groups in the sewage sludge are more biodegraded in aerobic digestion than in anaerobic digestion, whereas the protein-like groups show the opposite trend. The results imply that fraction I contains more polysaccharide-like materials, but fraction II has more protein-like and aromatic groups. This indicates that the pretreatment methods for improving the biodegradation of sludge organic matter should be different for anaerobic and aerobic digestions, especially enzymatic pretreatment. For example, glycohydrolase can be used to enhance the degradation of polysaccharide-like materials during sludge anaerobic digestion, whereas protease can be applied to improve the decomposition of protein-like groups in sludge aerobic digestion. However, the following observation needs to be further investigated: the polysaccharide-like materials in sludge are more easily degraded in aerobic digestion than in anaerobic digestion, but the protein-like groups show the opposite trend. Furthermore, the pyrolysis GC/MS analysis reveals that the organic matter in the aerobic or anaerobic digestate has higher relative percentages of protein-like, lignin-like and aromatic groups than that in raw sludge, implying that these organic matters belong to fraction IV. Therefore, it is signicant to promote the biodegradation of fraction IV, which consists of protein-like, lignin-like and aromatic groups, for further enhancing the sludge degradation rate during the digestion process. In summary, these ndings supply a new insight into the chemical composition of the different organic fractions in sewage sludge and lay a foundation for improving the sludge organic degradation rate.
Additionally, the results for total organic matter contents show that AoD has higher maturity and aromatization than 
